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1I Introduction
The choice of topic caused me some concern - had this been compar¬
ative cytogenetics in mammals, or even simply African Mammals
(both large and small), I would hâve felt more at ease. But African
Small Mammals is focused indeed and, to emphasize certain trends
in the field I will, of necessity, draw on data from species that may
defy the size restriction (20 kg C. Denys, pers. comm.), and are most
certainly not endémie. The transgression will, however, be slight.
The period included in this review covers the twenty-odd years span-
ning 1978 to présent. The reasons are two fold. First, 1978 saw the
publication by Lynn ROBBINS and Robert BAKER of a bibliography
on karyotypic data for African mammals (both large and small). This
paper (Robbins and Baker, 1978) covered the pre-banding era and
much of what could be regarded as the "hay day" of classical compar¬
ative cytogenetics (studies which rely on conventional banding proto¬
cols) - in essence, the 10 years from about tiie early 70s to the early 80s.
Secondly, it was from about this time mat mapping by in situ hybridiza¬
tion started to play a significant rôle in the physical localization of
1 86 T African Small Mammals / Petits mammifères africains
gènes and DNA séquences (initially using radioactively labelled
probes and culminating in FISH and the utilization of flow sorted
chromosome libraries and custom made whole chromosome paint-
ing probes). This approach has provided powerful methods to iden-
tify homologous chromosome segments among species. Thèse devel¬
oping technologies took both cytogenetic expertise and grant money
with them leaving classical comparative cytogenetics very much the
poor relative. In other words, comparative cytogenetics, like so many
scientific endeavours, has not escaped fhe molecular révolution.
In this review I will examine what has held the attention of mammal-
ogists and other practitioners of comparative cytogenetics in the past
two décades. I will touch on the problems that face us when attempt-
ing to place the cytogenetic data into a phylogenetic framework, and
how comparative genomics and cross species chromosome painting
has identified conserved chromosome segments and whole chromo¬
somes across deep evolutionary divisions. This has allowed a first
glimpse at the ancestral mammalian karyotype.
I Historical perspective
Comparative cytogenetics, which led to the tracing of evolutionary
changes in the chromosomal complément, advanced rapidly in the
1970-80s through the application of chromosome banding. It was a
time of cytogenetic ferment. It was the era of the Mammalian
Chromosomes Newsletter edited by T. C. Hsu at the MD Anderson
Cancer Center, and me Atlas of Mammalian Chromosomes (edited
by T. C. Hsu and K. Benirschke). The latter was published in a
séries of volumes from about 1967 through about 1977 and included
hundreds of conventionally stained karyotypes and their description,
a simple taxonomy, the source of the karyotypes (e.g., fibroblast
cultures from zoo animais, gifts from contributors) and, where possi¬
ble, collection localities and a bibliography. Some ofthe later volumes
even included banded karyotypes. It was a time when it was unusual
not to find several comparative chromosome papers in each issue of
specialist journals such as Chromosoma, Cytogenetics (currently
Cytogenetics and Cell Genetics), Experientia, Caryologia, Hereditas
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and the Journal ofHeredity in addition to those with a more gener¬
alized zoological focus. It was a time of large, active research groups,
many of them led by human cytogeneticists and people whose primary
research focus was in medicine.
m
1 Research outputs 1979-1999
Twenty years on and to what extent hâve we, who work predomi-
nantly with African Small mammals, progressed beyond that? With
me help of colleagues it was possible to gather a bibliography compris-
ing approximately 160 research articles, thèses and dissertations which
détail cytogenetic data on African Small Mammals most of which
hâve been on rodents although lagomorphs, bats, insectivores,
primates, hyraxes and some ofthe miniature antelope are also included.
While the partitioning of the outputs into discrète topics is clearly
subjective, and although there are undoubtedly omissions in the bibli¬
ography (but thèse are probably random in terms of topic), it was
possible to group the outputs into six catégories. Thèse serve loosely
to illustrate where the effort has been placed thèse past 20 years.
Studies where the focus was in recognizing karyotypic diversity within
recognized forms (i.e. "cryptic species") predominated forming
approximately 40% of the research output. Next were papers with
more of a phylogenetic bent but associations were made without using
outgroup comparisons - only about 5% of papers in the period under
review actually subjected the chromosomal data to the rigors of cladis¬
tic analysis. Multidisciplinary studies (in which cytogenetics was
only one of the parameters used) and review articles were the next
most numerous category followed by "other" (meiosis, synaptone-
mal formation, multiple sex chromosome Systems, characterization
of C-band repeats). Lastly, and somewhat surprisingly given the inter¬
national trends in comparative cytogenetics, comparative genomics
- used hère as a catch-ail for works that had included molecular cyto¬
genetic aspects such as cross-species chromosome painting - was
represented by a mère 8% of papers.
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I What motivated
thèse cytogenetic studies?
From the analysis of outputs it would appear that we are purposely
using the techniques to document "genetic biodiversity" i.e. the search
for cryptic and previously undescribed species. If this were true, I
would suggest that there are other more cost effective and sensitive
approaches (in terms of providing greater resolution) to doing this.
As part of the justification for the use of karyotyping for "biodiver¬
sity" assessment it could be argued that in recently diverged taxa,
chromosomal change often appears to predate divergence by other
markers. This certainly appears to be the case in the house mouse
(BRiTTON-DAViDiANétfa/., 1989; NACHMAN«?fa/., 1994;Nachman
and Searle., 1995 and références therein ), but the mouse is an excep¬
tion in many aspects of its génome évolution. Moreover, if we assume
that the fixation of structural rearrangements in mammalian popula¬
tions requires extremely small populations (a hypothesis proposed
by BUSH et al (1977) and which is still widely regarded as having
some foundation), it is precisely under thèse conditions of restricted
founders that mitochondrial DNA is most sensitive (Avise, 1994 and
références therein).
Chromosomes and phylogenetic discontinuities
That phylogeographic discontinuities are often delimited by chro¬
mosomal différences is certainly true (Ducroz étal, 1997, 1998;
Matthee and Robinson, 1997). By way of example, mitochondrial
DNA was used together with comparative cytogenetics to examine
the evolutionary history and taxonomic status of the springhare
(Pedetes capensis). Mitochondrial phylogeographic structure showed
that the majority ofthe southern African populations (P. c. capensis)
are characterized by unique but closely related maternai lineages.
This is an observation in keeping witii a relatively récent range expan¬
sion from smaller source populations. In contrast, however, the east
African populations (P. c. surdaster ) appear more structured and are
distinguished from those in southern Africa by an average séquence
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divergence of 5.52% (±1.4%; MAITHEE and ROBINSON, 1997). This
marked divergence is concordant with results ofthe cytogenetic study:
Spécimens from southern Africa hâve 2n = 38 and those in eastern
Africa 2n = 40 (Matthee and Robinson, 1997).
Importantiy, however, the converse also holds - there hâve been numer¬
ous examples of species which show marked mtDNA phylogenetic
structure but which are karyotypically invariant (in other words, where
the two markers are discordant but with mtDNA showing greater
resolution). African examples include the rock hyrax (Procavia capen¬
sis; Prinsloo and Robinson, 1 992), the red rock rabbit (Pronolagus
rupestris; Matthee and ROBINSON, 1996) and, in the case of larger
species, both the roan and sable antelope are deeply structured in
parts of their continental ranges (the roan in west Africa, the sable in
eastAfrica) when using the control région séquences (Matthee and
ROBINSON, 1999), but are karyotypically identical (Robinson and
Harley, 1995). Simply put, it could be argued that chromosomes
may not be the most effective genetic marker if one is looking to
uncover hitherto undescribed taxonomic units of biodiversity.
In fact, if our brief was indeed to survey genetic variation on a conti¬
nental scale - leaving the relative merits of the various approaches
aside - a justification for mtDNA (or other DNA based approaches)
could be made simply on ease of sampling. Those of us that hâve
attempted karyotyping under primitive field conditions, yeast stress-
ing mice that die hours before starting with bone marrow extractions,
the thick layer of cytoplasm that almost invariably covers the chro¬
mosomes (which is simply an anamema to good G-band resolution),
the generally short and widely splayed chromatids, poor spreading
and the low mitotic index can ail vouch for the fact that simply plac-
ing a pièce of tissue in a DMSO-NaCl or ethanol solution is much
less frustrating. It takes away the need for access to réfrigération and
freezers in remote areas, and removes the costs incurred in trans-
porting and keeping live animais should the décision be taken to do
the analysis in the comfort of one's own laboratory. Most importantiy,
it allows for the analysis of sample sizes far in excess of what could
be catered to in karyotyping and in so doing highlights a fundamen-
tal weakness ofthe karyological approach. Conventionally, karyotype
descriptions hâve been based on few spécimens, frequently drawn
from the same or geographically closely allied populations, with tiiese
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data often extrapolated to the species as a whole on the premise that
the taxon comprises a single cytotype. No thought is given to possi¬
ble intraspecific (géographie) chromosomal variation, an assumption
increasingly being challenged by accumulating data in both small
and large mammals (see Robinson and Elder, 1993 and références
therein). The détection of novel cytotypes in other régions of a species'
range (often equated with the détection of "new cryptic species")
clearly becomes questionable under this scénario.
Cytogenetics simply as a tool
in species identification
If contributing to studies on African biodiversity is not the stimulus
that drives comparative cytogenetics in African small mammals, then
what is? Perhaps it is that in most instances we use cytogenetics
simply as a tool in species identification and the détection of new
cryptic species and cytotypes (and by extension géographie genetic
partitioning in what appears to be continuously distributed species)
is simply a resuit of this. In other words, we are not using cytoge¬
netics to address "genetic" questions, or those of evolutionary rela¬
tionships. We are using the methods primarily for correct assignment
of species, especially in cases where species are not well delimited
on morphological grounds. In fact, if one analyses the outputs
contained in the bibliography, many papers hâve essentially been
descriptions of new karyotypes, serendipitously discovered and often
based on standard karyotypes or sub-optimal banding comparisons.
But this is really to deprecate the usefulness of comparative cytoge¬
netic data. Why, almost 20 years after banding studies were firmly
established and the détection of homologous segments had become
routine, hâve there been so few attempts at resolving phylogenetic
relationships chromosomally and, in particular, subjecting the data
to the rigors of cladistic analysis (only 5% of papers)? Is it a prob¬
lem inhérent with this type of data? Or has it to do with the fact that
use of mammalian chromosomal data in phylogeny reconstruction
has been limited by our inability to correctly identify homologous
chromosomes (or chromosome régions) between species and, perhaps
more debilitating, to compare thèse to appropriate outgroup taxa?
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I Cytogenetics in phylogeny
reconstruction
Cladistics
The cladistic method dictâtes that two species are considered closely
related if they share one or more derived character states. Derived
conditions are distinguished from primitive ones by analysis of appro¬
priate out-groups and parsimony (HiLLis et al, 1996). The underly-
ing assumption in this approach is that a character state possessed by
both ingroup and outgroup taxa represents the primitive condition
for the ingroup. However, conclusions on chromosomal homology,
whether the character is primitive (plesiomorphic) or derived (apomor-
phic), and the direction of evolutionary change can only be made if
the chromosomes/chromosome segments can be unequivocally iden-
tified as homologous, and, in turn, if thèse can be identified across
ingroup as well as outgroup species to the spécifie assemblage. And
it is the précise détection of homologous chromosomes or chromo¬
some segments which, I believe, has been central to chromosomes'
poor performance in inferring phylogenetic relationships.
In fact, it could be argued that interspecific homologies based on
conventional banding are only reliable between species which hâve
experienced few chromosomal rearrangements. This is reflected in
the papers contained in the bibliography. While there hâve been rela¬
tively few papers that employ rigorous outgroup criteria and analyze
the data in a cladistic framework (e.g. Britton-Davidian et al,
1995; Qumsiyeh et al, 1987), there hâve been a great deal more
attempts to infer evolutionary relationships from presumed ancestral
karyotypes which hâve been derived using only the patterns reflected
by ingroup taxa. In many instances, thèse did not hâve full taxon
représentation (e.g. Robinson étal, 1981).
The sélection of an appropriate outgroup is not a trivial exercise. For
example, data from New and Old world monkeys, pro-simians and
species from other mammalian orders such as carnivores and ungu-
lates were essential in constructing the ancestral primate karyotype
(Wienberg and Stanyon, 1997). Part of the need to hâve such broad
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outgroup représentation has to do with eliminating errors that may
be introduced by confusing convergence with homology.
Convergence of character states
A pattern, tentative as it may be, is that convergent rearrangements
(rearranged chromosomes that hâve arisen independently in two or
more species) do occur and are certainly not uncommon. For exam¬
ple, the single pair of NOR bearing "marker chromosomes" in the
Hylobatidae and old world monkeys (Cercopithecidae) were long
held to be homologous (StaNYON étal, 1995). This suggestion would
hâve placed the lesser apes phylogenetically togemer with the monkeys
rather than the great apes (and man), an hypothesis that persisted even
after the introduction of chromosome banding. However, cross species
chromosome painting showed that the NOR chromosomes in lesser
apes and monkeys were not homologous and although HSA 22 was
part ofthe NOR bearing chromosomes in ail Old World monkeys this
was not. the case for the gibbons (Stanyon et al, 1995). In other
words, the "marker chromosomes" in thèse species showed no homol¬
ogy outside ofthe NOR itself. The point is that classical banding stud¬
ies are often unable to distinguish between convergence and true
homology of bands. This is important since, in reality, one band looks
much like another, and it is frequently possible only to detect conserved
banding patterns in relatively large régions (Graves, 1998).
Additional complications in respect of convergence are related to the
type of chromosome change. In lineages where chromosomal évolu¬
tion has been predominantly through Robertsonian change, chromo¬
somes hâve proved to be of Iimited utility when analyzed cladisti-
cally, especially if no other supporting data are présent (QUMSIYEH
et al, 1987). I believe that in part, this is a reflection of the Iimited
segregational difficulties often encountered with centric fusions.
Therefore, it is quite likely that lineages which are prone to this type
of chromosomal évolution may be characterized by brachial combi-
nations which are essentially random and contribute little in phylo¬
genetic studies beyond "noise". This appears to be the situation in
some rodents, for example Tatera and Gerbillurus (QUMSIYEH et al,
1987) as well as the Bovidae (GALAGHER and Womack, 1992;
GalaGHER et al, 1994). In spite of the large numbers of centric
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fusions found in thèse taxa, many appear to be de novo changes involv-
ing the same chromosomes, and comparative cytogenetics has had
Iimited success in detecting synapomorphies for use in determining
phylogenetic relationships among species.
While it can be argued that more complex arrangements may be less
prone to reversais (and thus are not a source of homoplasy), their
détection by G-banding is often tenuous. In reality, the only recourse
open to investigators working with species where chromosomal rear¬
rangements hâve led to extensive génome rearrangement, and who
are intent on determining chromosomal homologies, may be through
chromosome painting.
m
1 Fluorescence in situ hybridization
(FISH)
FISH, using probes derived from flow sorted or microdissected chro¬
mosomes has provided a means whereby gross séquence homology
across chromosomes of différent species can be established (chro¬
mosome painting). In other words, a chromosome paint comprises a
mixture of DNA which hybridizes to the entire chromosome of origin
and corresponding séquences in other taxa. While this approach was
originally restricted to painting across species using human chromo¬
some paints (Zoo-FISH), récent developments in chromosome
microdissection and DOP-PCR (PCR amplification of DNA using
degenerate oligonucleotide primers which ensure that ail the séquences
contained within the source DNA are represented) hâve simplified
the production of chromosome spécifie paints (see Ferguson-Smith,
1997). This has opened up direct high resolution comparisons (not
using the human as common denominator) between closely as well
as distantly related species.
A particularly vivid example of the power of cross-species chromo¬
some painting is that ofthe white-cheeked gibbon, Hylobates concolor,
by SCHRÔCK et al (1996). The karyotypes of most Old world primates,
including man, are distinguished by few translocations; they are
chromosomally conservative and chromosomal syntenies hâve been
maintained intact (WlENBERG and STANYON, 1997). However, the
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hylobatids (gibbons and siamang) are an exception to this and conven-
tional chromosome banding revealed few homologies between the
lesser apes and those of other primates (Weenberg and STANYON,
1995) reflecting the extensive genomic reorganization that delimits
them. Spectral karyotyping by SchrôCK et al (1996) using ail
24 human chromosome spécifie painting probes allowed for the détec¬
tion of at least 60 différent segments in the gibbon génome resulting
from a séries of translocations and complex intrachromosomal rear¬
rangements that hâve occurred since divergence from their last
common ancestor (Wienberg and STANYON, 1995, 1997).
Of course one does not hâve to go to primates, and extralimital ones
at that, to find species which show extensive karyotype reshuffling
between closely related species. In terms of African small Mammals,
the Otomyinae provide a good example of this. In spite of O. irrora¬
tus and O. unisulcatus having identical diploid numbers (2N = 28)
conventional banding studies were unable to detect G-band homo¬
logies between them (ROBINSON and Elder, 1978). Thèse authors
extended their comparisons to include the chromosomes of the rat
(R. norvegicus) and a North American Peromyscus species (P. mela-
nophrys) and, although several ofthe unisulcatus chromosomes could
be convincingly matched to chromosomes of thèse species, no homolo¬
gies were évident with the O. irroratus chromosomes.
More recently, cross species chromosome painting using two commer-
cially available mouse chromosome paints (corresponding to MMU2
and MMU6) uncovered homologies that were not detected by G-band
patterns in the past (Rambau étal, 1997). FISH showed that séquences
corresponding to MMTJ2 are conserved as a single chromosome in O.
irroratus but are found on two separate chromosomes in O. unisul¬
catus and the whistling rat, P. brantsii; mouse séquences correspond¬
ing to chromosome 6 are conserved as single chromosomes in ail three
species. In fact, the split signal detected in some of the Otomyinae is
even more interesting when viewed against the récent cross species
painting between rat and mouse (Grûtzner et al, 1999; Guilly et
al, 1999; Stanyon et al, 1999). Mouse chromosome paint 2
hybridizes to a single chromosome in the rat (number 3) mirroring the
situation in irroratus. So in spite of its extensively rearranged génome
irroratus has retained this chromosome in an unaltered state (proba¬
bly ancestral) while it has been rearranged in the two other species.
T. J. Robinson - Comparative Cytogenetics of African Small Mammals 1 95 '
Mouse: rat reciprocal painting studies
Since so much of the cytogenetic work on African small mammals
is on rodents allow me to dwell on thèse comparisons for a few
moments. Thirteen mouse chromosomes hâve séquence homology
to single chromosomes or chromosome segments in the rat (MMU 2,
3, 4, 6, 7, 9, 12, 14, 15, 16, 18, 19, X ); in contrast, the painting probes
for the remaining seven chromosomes (1, 5, 8, 10, 11, 13, and 17)
produce split hybridization signais on the rat (Grûtzner et al , 1 999).
Moreover, reciprocal chromosome painting shows that the evolu¬
tionary rate of chromosome translocations between thèse two rodents
is about 10 times faster than that found between human and cats
(STANYON et al, 1999). Out-group comparison reveal that the mouse
karyotype is more extensively rearranged than that of the rat, and that
many ofthe mouse chromosomes are evolutionarily derived.
In summary, the reciprocal painting studies clearly underscore how
strikingly différent the mouse and rat karyotypes are, especially for
species from the same subfamily (Murinae). There are at least
14 translocations separating the génomes of thèse two rodents
(STANYON étal, 1999). Emphasizing that many/most ofthe segmen¬
tai homologies defy resolution by conventional banding is not to over-
state the case.
FISH is not a panacea
In spite ofthe obvious power of cross species chromosome painting,
I do not believe that comparative FISH is a panacea to ail the prob¬
lems one encounters in identifying homologies and retrieving phylo¬
genetic information from the karyotype. It, like conventional band¬
ing, suffers from significant shortcomings, the most important being
that it does not provide insights into intrachromosomal rearrange¬
ments (gène order) within conserved blocks, and consequendy a whole
class of potentially informative rearrangements will be missed unless
subregional markers are also used.
The point to be emphasized is that G-bands alone may be poor indi-
cators of true homology, and thèse data may often be in conflict with
one of the basic assumptions underpinning phylogenetic analysis -
mat of true character homology (Swofford et al, 1996). One can
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question whether in addition to the tendency for Robertsonian changes
(particularly fusions) to show high levels of homoplasy, phylogenetic
resolution may also be confounded by assessments ofhomology, and
whether in many instances thèse data (G-bands) lend themselves to
robust phylogenetic analysis at ail. '
I Comparative cytogenetics
and abilities to detect deeper
phylogenetic relationships
The early comparisons based on conventional banding indicated (with
few exceptions i.e. Nash and O'Brien, 1982; Dutrillaux and
Couturier, 1983) extensive génome scrambling between mammalian
ordinal groups effectively sidelining chromosomal data in studies of
this nature. However, chromosome painting across mammalian orders
has shown that the mammalian génome is highly conserved - allow-
ing the identification of conserved large blocks and even whole chro¬
mosomes between ungulates, carnivores and primates. Nowhere is
this conservatism more striking than in the détection of whole chro¬
mosomes that hâve survived intact not only within primates, but also
among other orders of mammals. For example, of the 23 human chro¬
mosomes 16 show homology wim single cat chromosomes and the
remaining seven are represented, in most instances, by two inter-
rupted blocks (Rettenberger et al, 1995; O'Brien et al, 1997).
Conservation of entire chromosomes appears also to extend to other
orders. For example HSA4 maintains whole chromosome synteny in
the pig, the harbor seal, mink and cat (Chowdhary et al, 1998)
while HSA 17 appears to be intact in carnivores (cat and seal), artio-
dactyls (pig and cattle), cetaceans (dolphin) and even insectivores
(shrews; Graves, 1998 and références therein). The X chromosome
is considered conserved within ail eutherians.
Somewhat puzzlingly, the picture ofconserved synteny appears incon¬
sistent with the evolutionary distance between species. For instance,
most Old World primates are generally chromosomally conservative
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and syntenies hâve been maintained intact while in another closely
related group, lesser apes (most notably the gibbons), multiple rear¬
rangements delimit the various karyotypes (Wienberg and Stanyon,
1997). Similarly, even with the paucity of dog gènes that hâve been
mapped, the degree of synteny shown with human is considerably
less than is évident with the highly conserved cat génome thus high-
lighting marked différences within carnivores (Graves, 1998). Yet
another pattern to émerge is that rodent maps are generally fragmented
in comparison to human maps. It was initially thought that this break
down of synteny merely reflected the increased evolutionary distance
between rodents and primates - the greater the time since common
ancestry, the greater the chance for chromosome rearrangements to
hâve occurred. However, the hamster génome shows considerably
more synteny with human than what mouse does (Graves, 1998).
So why do we hâve patterns of extrême génome rearrangement in
some lineages and not in others? Certainly différences in populations
structure, isolation, sélection and drift - the classical circumstances
thought to promote chromosomal évolution - are probably applica¬
ble in some way or another (Elder and Hsu, 1988). Perhaps certain
lineages contain novel DNA séquences which prédispose to chro¬
mosomal rearrangements. In the past, studies of natural hybrids hâve
demonstrated elevated chromosome mutation rates that are presum-
ably precipitated by the hybridization event with transposable éléments
possibly mediating the rapid and large scale changes in the génome
composition (Bush, 1981; Elder and Hsu, 1988; O'Neill et al,
1998). Thèse and other observations beg the question whether some¬
thing happens to destabilize the génome in a particular lineage and,
if so, how is stability reinstated?
We still hâve no real data on thèse basic questions which are ail central
to chromosome évolution. In fact, in spite of the plethora of molec¬
ular data (ARIGA et al, 1990; WlCHMAN et al, 1992; O'NEILL et al,
1998 and others) and the myriad new techniques available, we hâve
not progressed beyond Elder and Hsu's (1988) view. . . "that in some
ancestral populations both genomic and population conditions were
right for reorganization to occur. In other populations thèse condi¬
tions were not right or at least hâve not been right to this point in their
évolution."
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Mammalian ancestral karyotype
What is clear, however, is that our ability to detect homologous chro¬
mosomes and chromosome segments across ordinal divisions holds
promise for the eventual description of the ancestral mammalian kary¬
otype. Thèse data should finally put an end to the debate which has
had authors postulating an increase in diploid number as the over-
riding trend in mammalian chromosome évolution, and others argu-
ing that a decrease in 2n is more characteristic. Traditionally, three
hypothesis for the primitive condition hâve been proposed
(Rettenberger étal, 1995). Ohno's fusion model posits a 2N = 96
acrocentric complément (Ohno, 1970), Todd (1970) held that fission
was the driving force with 2N = 14 metacentric and submetacentric
chromosomes representing the ancestral karyotype, whereas Matthey's
modal hypothesis (Matthey, 1973) favoured the midpoint with
2N = 40-56 as the ancestral eutherian condition.
On the basis of conserved chromosomes blocks observed in eight
species analysed so far (man, pig, cattle, muntjak, horse, cat, mink,
seal) the putative karyotype of the common ancestor of primates,
carnivores, perissodactyls, and artiodactyls most probably had a chro¬
mosome number of 48 (Chowdhary et al, 1998 but see Retten¬
berger et al, 1995); Chowdhary and co-workers (1998) hâve
suggested a tentative ancestral chromosome complément corre¬
sponding to the human équivalents of HSA lp, lq, 2pter - ql3, 2ql3-
qter, (3/21), 4, 5, 6, 7, 8, 9, 10, 11, (12/22 part), 13, (14/15), (16q/19q),
16p, 17, 18, 19p, 22(part), X and Y. Obviously, it is to be expected
that with the availability of more comparative Zoo-FISH karyotypes
spanning other orders, this rather preliminary view of the primitive
mammalian condition will improve.
1 Future trends
First, the idea that good banding continues to be effective in resolv-
ing relationships among groups where there has not been wholesale
rearrangement is probably valid. This is particularly true for species
where karyotypes can be related by simple Robertsonian fusions and
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fissions. That said however, it may be simplistic to assume that the
génomes of thèse "constrained" groups could not hâve been subjected
to subtle rearrangement which fall beyond the resolution of conven¬
tional banding and this clearly questions whether banding data, used
in isolation, lend themselves to phylogenetic analysis. The real power
of cross chromosome species painting is that it provides an effective
means of confirming the accuracy of homologies suggested by conven¬
tional banding; the real power of good G-banding is that it can often
reveal intrachromosomal rearrangements which are obscured by chro¬
mosome painting. In summary, although it may not be necessary to
resort to FISH in every instance, the need for its application is only
likely to be resolved on a case by case basis.
Secondly, I think it will be unavoidable that much of what we do in
the context of mammalian cytogenetics in next 10 years will, unavoid-
ably, be shaped by developments in comparative genomics.
Chromosomal painting in highly rearranged génomes such as those
ofthe hylobatids and pro-simians (Wienberg and Stanyon, 1995;
SCHRÔCK et al, 1996) some ofthe Otomine species (RAMBAU et al,
1997), and taxa such as the donkey and the horse (Raudsepp and
Chowdhary, 1999) has clearly shown that chromosomal homolo¬
gies previously established on the basis of banding were not reliable,
and that cytogenetic phylogenies should, ideally, be substantiated by
both conventional banding and molecular data.
Thirdly, there are at least nine orders of mammals for which there is
little or no comparative genomic data (mapping or, importantiy in the
context of the présent paper, cross species painting) - thèse include
the Chiroptera, Pholidota, Pinnipeds, Proboscidea, Hyracoidea,
Sirenia, Dermoptera, Scandentia and Xenartha (O'Brien et al, 1997).
Thèse data will be critical to discerning the major features of génome
évolution. Quite clearly, there is a lot to do.
1 Conclusion
It seems likely that as comparative maps of species representing the
20 modem orders of mammals are gradually assembled, the oppor-
tunity to use précise chromosomal and segmentai homologies for
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comparative and phylogenetic studies will become a reality. However,
whether thèse data do turn out to "represent the most powerful suite
of phylogenetic (cladistic) characters available for resolving the précise
hierarchy of mammalian évolution" (O'Brien étal, 1997) remains
to be seen.
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